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MULTIPLEXER HAVING IMPROVED EFFICIENCY 



RELATED APPLICATIONS 

This application is related to U.S. Patent Application serial number 
5 10/600748, filed on June 20, 2003, entitled "Multiplexer Having Improved 
Efficiency" and incorporated herein in its entirety. 



BACKGROUND 



10 1. Field of the Invention 

The invention relates to optical devices. In particular, the invention relates 
to optical multiplexers. 



2. Background of the Invention 

15 A common type of optical multiplexer includes a plurality of waveguides 

that intersect one another so as to combine light signals traveling along a plurality 
of input waveguides onto a smaller number of output waveguides. Each 
waveguide intersection increases the angle at which light signals are incident on 
the side of the waveguide. This angle is called the propagation angle. If the 

20 propagation angle is increased far enough, the waveguides can fail to constrain the 
light signal. 

The propagation angle that can be supported by a waveguide is often a 
function of the waveguide material. For instance, multi-mode silicon waveguides 
can support higher propagation angles than multi-mode silica waveguides. As a 

25 result, a multi-mode multiplexer having silicon waveguides will support 

propagation angles that are not supported by a multi-mode silica fiber. When the 
multiplexer is coupled with the optical fiber such that a light signal travels from 
the multiplexer to the optical fiber, the portion of a light signal having high 
propagation angles will be lost upon entering the optical fiber. Accordingly, the 

30 increase in propagation angles caused by the waveguide intersections can serve as 
a source of optical loss. 
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For the above, reasons there is a need for a multiplexer having a reduced 
optical loss. 

SUMMARY OF THE INVENTION 

5 

An optical device is disclosed. The optical device includes multi-mode 
waveguides positioned on a base such that a plurality of the waveguides serve as 
input waveguides and one or more of the waveguides serve as an output 
waveguide. The waveguides intersect one another such that light signals traveling 
10 along a plurality of the input waveguides are combined onto an output waveguide. 
At least a portion of the input waveguides include a taper configured to taper the 
width of a light signal traveling along the input waveguide toward the output 
waveguide. 

A method of forming an optical device is also disclosed. The method 

1 5 includes etching a wafer having a light-transmitting medium positioned on a base 
so as to form a plurality of multi-mode waveguides on the base. The waveguides 
are formed such that a plurality of the waveguides serve as input waveguides and 
one or more of the waveguides serve as an output waveguide. The waveguides 
intersect one another such that light signals traveling along a plurality of the input 

20 waveguides are combined onto an output waveguide. At least a portion of the 

input waveguides are formed so as to include tapers configured to contract a width 
of a light signal traveling along the input waveguide toward the output waveguide. 

At least a portion of the contraction tapers can taper from an expanded end 
to a contracted end having a width less than 80 % of the width of the expanded 

25 end, less than 60% of the width of the expanded end and most preferably less than 
30% of the width of the expanded end. In some instances, at least a portion of the 
contraction tapers has a contracted end with a width greater than 12 pm. At least 
a portion of the contraction tapers have a ratio of the taper length:taper width less 
than 200: 1 , less than 40: 1 and/or greater than 8:1. 

30 In some instances, at least one output waveguide includes an expansion 

taper configured to expand a light signal traveling along the output waveguide 
from an input waveguide. At least a portion of the expansion tapers can expand 
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from a contracted end to an expanded end. The contracted end has a width less 
than 80 % of the width of the expanded end or less than 60% of the width of the 
expanded end. At least a portion of the contraction tapers have a ratio of the taper 
lengthrtaper width less than 200: 1 , less than 40: 1 and/or greater than 8:1. 
5 In some instances, the tapers are formed such that the thickness of the 

contraction taper and/or the expansion tapers remain substantially constant along 
the length of the contraction taper. 

BRIEF DESCRIPTION OF THE FIGURES 

10 

Figure 1 A is a top view of an optical device having a multiplexer. The 
multiplexer includes a plurality of waveguides intersecting one another such that 
light signals traveling along an input waveguide are combined onto a smaller 
number of output waveguides. The input waveguides include a contraction taper 
1 5 and the output waveguide includes an expansion taper. 

Figure IB is a cross section of the optical device shown in Figure 1 A taken 
along the line labeled B. 

Figure 1C is a cross section of the optical device shown in Figure 1 A taken 
along the line labeled C. 
20 Figure 2 A is a top view of an optical device having a multiplexer. The 

multiplexer includes a plurality of waveguides intersecting one another such that 
light signals traveling along an input waveguide are combined onto a smaller 
number of output waveguides. The input waveguides include a contraction taper. 
The waveguide intersections are constructed such that the waveguide carrying 
25 output from the waveguide intersections are wider than each of the waveguides 
carrying input to the intersection. 

Figure 2B is a close-up of the waveguide intersection shown by the circle 
labeled A in Figure 2 A. 

Figure 3 A is a top view of an optical device having a multiplexer 
30 integrated with a plurality of light sources. 

Figure 3B is a cross section of the optical device shown in Figure 3A taken 
along the line labeled B. 
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Figure 3C is a top view of an optical device having a waveguide ending at 
a facet that is substantially vertical and is angled at less than ninety degrees 
relative to the direction of propagation at the facet. 

Figure 4A is a top view of an optical device having a waveguide with a 
5 taper positioned midway along the waveguide. 

Figure 4B illustrate that additional optical components can be positioned 
between the waveguide intersections and an expansion taper and/or between the 
waveguide intersections and a contraction taper. 

Figure 5 A through Figure 5D illustrate a method of forming a multiplexer 
10 constructed according to Figure 1 A and Figure IB. 

Figure 6A through Figure 6G illustrate a method of forming a multiplexer 
constructed according to Figure 3A and Figure 3B. 

DETAILED DESCRIPTION 

15 

A multiplexer is disclosed. The multiplexer includes a plurality of 
waveguides that intersect one another so as to combine light signals traveling 
along a plurality of input waveguides onto a smaller number of output 
waveguides. The input waveguides can include a contraction taper configured to 

20 contract the width of the input waveguide before the input wavegides reach a 
waveguide intersection. As a result, the width of the waveguides at the 
interesections is narrower than these widths would be without the contraction 
tapers. Reducing the width of the waveguides at the intersections reduces the 
increase in the propagation angle that results from the intersection. As a result, 

25 the taper provides for a reduction in the amount of the propagation angle increase 
that occurs at each waveguide intersection. Additionally, reducing the reduced 
waveguide widths can improve mixing of the light signals and can accordingly 
improve the output uniformity. 

In some instances, the output waveguide includes an expansion taper 

30 configured to expand the width of a light signal traveling along the output 

waveguide. In some instances, the expansion taper can compensate for at least a 
portion of the propagation angle increase that occurs at the contraction taper. As a 
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result, the remaining increases in propagation angle stem largely from the 
waveguide intersections. As noted above, this increase in propagation angles is 
reduced because of the reduced waveguide width. Accordingly, the total increase 
in propagation angles associated with the multiplexer is reduced. 

5 In some instances, the waveguides that provide input to an intersection are 

narrower than the waveguide that carry the output from a waveguide intersection. 
This intersection construction is also associated with a reduced amount of the 
propagation angle increase. Because this construction increases the width of the 
downstream waveguides, this construction can be employed in place of an 

1 0 expansion taper or in conjunction with an expansion taper. 

Figure 1A is a top view of an optical device 10 having a multiplexer 12. 
Figure IB is a cross section of the optical device 10 shown in Figure 1 A taken 
along the line labeled B. Figure 1C is a cross section of the optical device 10 
shown in Figure 1A taken along the line labeled C. The optical device 10 includes 

1 5 a plurality of waveguides 1 4 defined by a ridge of a light-transmitting medium 1 6 
extending from a base 18. Each waveguide 14 has a width labeled W and a 
thickness labeled T. 

The portion of the base 18 adjacent to the light-transmitting medium 16 
constrains the light signals within a waveguide 14. For instance, the upper surface 

20 of the base 18 can have an index of refraction less than the index of refraction of 
the light-transmitting medium 16. The reduced index of refraction reflects light 
signals from the light-transmitting medium 16 back into the light-transmitting 
medium 16. 

The optical device 10 includes a plurality of inactive regions 20 formed in 
25 the light transmitting medium 16. The inactive regions 20 do not carry light 
signals during the operation of the multiplexer 12. The inactive regions 20 are 
spaced apart from the waveguides 14 so as to partially define a waveguide trench 
22 adjacent to the waveguides 14. 

A plurality of the waveguides 14 labeled W 4 serve as input waveguides 14. 
30 The waveguides 14 are arranged so as to combine the light signals from the input 
waveguides 14 into an output waveguide 14 labeled W 0 . Each input waveguide 
14 intersects another input waveguide 14. A transition waveguide 14 labeled W t 
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extends from each intersection of input waveguides 14. The transition 
waveguides 14 intersect one another. The output waveguide 14 extends from the 
intersection of the transition waveguides 14. 

The input waveguide 14 includes a contraction taper 23. The width of the 
5 contraction taper 23 contracts from an expanded end 24 to a contracted end 25. 
As is evident from Figure 1C, the thickness of the contraction taper 23 can remain 
substantially constant along the length of the contraction taper 23. As a result, the 
contraction taper 23 contracts the width of a light signal traveling along the input 
waveguide 14. As noted above, the contraction taper 23 allows narrower 

10 waveguides to be used at the waveguide 14 intersections. Reducing the width of 
the waveguides 14 at an intersection reduces the amount of the propagation angle 
increase that results from that intersection. 

The dimensions of the expanded end 24 can be matched to the source of a 
light signal that will travel along the input waveguide 14. For instance, a variety 

15 of lasers produce a light signal that diverges more vertically than horizontally. 
Accordingly, the thickness of the expanded end 24 can exceed the width of the 
expanded end 24 so as to match the dimensions of the expanded end 24 to the 
geometry of the light signal source. In some instances, the thickness of the 
expanded end 24 is more than 1 .4 times the width of the expanded end 24. 

20 Increasing the degree of contraction provided by the contraction taper 23 

generally reduces the increase in propagation angles at each intersection. In some 
instances, the contraction taper 23 is configured such that the width of the 
contracted end 25 is less than 80 % of the width of the expanded end 24, less than 
60 % of the width of the expanded end 24 or most preferably or less than 30 % of 

25 the width of the expanded end 24. The smoothness of the waveguide sidewalls 
can limit the degree of contraction that is possible. For instance, when the 
expanded end 24 has a width of about 32 |im, current limitations in waveguide 
etching technology structures may limit the width of the contracted end 25 to 
widths greater than 6 yim. This limitation may change as fabrication processes 

30 improve. Accordingly, the width of the contracted end 25 is generally greater 
than 6 |im. Suitable widths for the contracted end 25 include, but are not limited 
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to, lengths greater than 10 |im. In one example, the width of the expanded end 24 
is about 32 jam while the width of the contracted end 25 is about 22 jam. 

The taper rate can affect the amount of propagation angle increase caused 
by the contraction taper. For instance, a large taper rate can cause a larger 
5 increase in the propagation angle than a low taper rate. One method of measuring 
the taper rate is the ratio of the taper length:the taper width. The taper width is 
labeled W T in Figure 1 A and the taper length is labeled L T in Figure 1 A. Suitable 
taper ratios for the contraction taper include, but are not limited to, ratios less than 
200: 1 , less than 40: 1 and/or greater than 8:1. Suitable taper lengths, L T) for the 

10 contraction taper, include, but are not limited to, lengths greater than 400 jim or 
1200 |j,m and/or lengths less than 1700 jam or 2000 jim. Although the taper is 
shown as tapering linearly along the taper length, the taper can have a non-linear 
taper along the taper length. Accordingly, the sides of the contraction taper can 
appear non-linear when viewed from over the optical device. 

15 The output waveguide 14 includes an expansion taper 26. The expansion 

taper 26 expands from a contracted end 25 to an expanded end 24. The thickness 
of the expansion taper 26 can remain substantially constant along the length of the 
expansion taper 26. As a result, the expansion taper 26 expands the width of a 
light signal traveling along the output waveguide 14. Because a waveguide region 

20 having an expanding width can reduce the propagation angle, the expansion taper 
26 can serve to reduce the propagation angle. In some instances, the expansion 
taper 26 compensates for increases in the propagation angle that result from the 
use of the contraction taper 23. 

Increasing the degree of expansion provided by the expansion taper 26 

25 generally increases the amount of reduction in the propagation angle that is 

provided by the expansion taper 26. In some instances, the expansion taper 26 is 
configured such that the width of the contracted end 25 is less than 80 % of the 
width of the expanded end 24 or less than 60 % of the width of the expanded end 
24. Most preferably, the expansion taper 26 is configured such that the width of 

30 the contracted end 25 is less than 30 % of the width of the expanded end 24. The 
dimensions of the expanded end 24 can be matched to a component that will 
receive light signals from the expansion taper 26. For instance, the expanded end 
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24 can have dimensions suitable for coupling with an optical fiber. In one 
example, the width of the expanded end 24 is about 32 (im while the width of the 
contracted end 25 is about 12 ^im. The dimensions of the expanded end 24 of a 
contraction taper 23 need not be the same as the dimensions of the expanded end 
5 24 of an expansion taper 26. 

The taper rate can affect the amount of propagation angle reduction caused 
by the expansion taper. One method of measuring the taper rate is the ratio of the 
taper length: the taper width. The taper width is labeled W T in Figure 1 A and the 
taper length is labeled L T in Figure 1 A. Suitable taper ratios for the contraction 

10 taper include, but are not limited to, ratios less than 200: 1 , less than 40: 1 and/or 
greater than 8:1. Suitable taper lengths, L T , for the contraction taper, include, but 
are not limited to, lengths greater than 400 (im or 1200 ^im and/or lengths less 
than 1700 (am or 2000 ^m. Although the taper is shown as tapering linearly along 
the taper length, the taper can have a non-linear taper along the taper length. 

1 5 Accordingly, the sides of the expansion taper can appear non-linear when viewed 
from over the optical device. 

Although each of the input waveguides are shown as having a contraction 
taper, in some instances, one or more of the input waveguides does not include an 
input waveguide. In these instances, the reduction in propagation angle provided 

20 by the expansion taper may be sufficient to provide the desired performance. In 
some instances, none of the input waveguides includes a contraction taper. 

The waveguide intersections can also be constructed to reduce the amount 
of propagation angle increase as shown in Figure 2A. Figure 2A is a top view of 
an optical device having a multiplexer 12. Figure 2B is a close-up of the 

25 waveguide intersection shown by the circle labeled A in Figure 2A. The input 

waveguides have about the same width and the transition waveguide is wider than 
either of the input waveguides. As result, the degree of taper that occurs at this 
intersection is reduced from the degree of taper that would occur if each of the 
waveguides had the same width. The reduce degree of taper reduces the amount 

30 of propagation angle increase at this intersection. 

The condition of an intersection having a reduced propagation angle 
increase can generally be met when the waveguide carrying output from a 
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waveguide intersection is wider than either of the waveguides carrying input to the 
waveguide intersection. Although this condition is described in the context of an 
intersection between an input waveguide and a transition waveguide, this principle 
can be applied to other intersections on the multiplexer. In some instances, this 
5 principle is applied to each intersection on the multiplexer. 

The output waveguide shown in Figure 2 A does not include an expansion 
taper 26. In some instances the expansion taper 26 is not desired because the 
increase in waveguide width at one or more of the intersections increases the 
width of the output waveguide to the desired width. In some instances, the output 

10 waveguide of a multiplexer constructed according to Figure 2 A includes an 
expansion taper 26. 

As noted above, the contraction taper 23 and the expansion taper 26 need 
not taper vertically. A taper that tapers in width but does not taper vertically does 
not add substantial fabrication complexity of the multiplexer. In some instance, 

15 the contraction taper 23 and/or the expansion taper 26 can taper vertically. One 
application where some degree of vertical taper may be desired is where the 
thickness that is suitable for the expanded end 24 of a contraction taper 23 is 
different from the thickness that is suitable for the expanded end 24 of an 
expansion taper 26. In these instances, the contraction taper 23 and/or the 

20 expansion taper 26 can be vertically tapered so the expanded end 24 of a 

contraction taper 23 the expanded end 24 of an expansion taper 26 each have the 
desired thickness. 

The dimensions of the waveguides 14 in Figure 1 A through Figure 2C are 
selected such that the waveguides 14 are multi-mode waveguides 14. When 

25 single mode waveguides 14 are employed, the optical loss at each intersection can 
be higher than 3 dB. The use of multi-mode waveguides 14 can substantially 
reduce the amount of loss at the intersections. Multi-mode waveguides 14 can 
provide intersections with an optical loss near zero. Further, the losses at the 
bends of multi-mode waveguides are smaller than the losses at the bends of mono- 

30 mode waveguides. As a result, the use of multi-mode waveguides 14 can reduce 
the optical loss associated with multiplexers 12 having cascaded waveguide 14 
intersections. 
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The use of multimode waveguides allows the sides of the waveguide to 
extend to the base 18 as shown in Figure IB. Extending the sides 27 of the 
waveguide 14 to the base 18 reduces leakage of the light signals from the 
waveguides 14 and further reduces the optical loss associated with the optical 
5 device 10. In some instances, extending the sides 27 of the waveguides 14 to the 
base 1 8 can simplify the fabrication process and accordingly provide fabrication 
cost savings. Although not illustrated, the sides of the waveguide need not extend 
all the way to the base. Accordingly, the waveguide can be defined by a ridge 
extending from a slab of the light transmitting medium. When the waveguides 

10 are defined by a ridge extending from a slab of the light transmitting medium, the 
waveguide thickness is the distance between the base and the top of the ridge and 
the waveguide with is the width of the ridge. 

Suitable dimensions for the waveguides include a thickness greater than 10 
ILtm and waveguide 14 widths greater than 10 (im. Waveguide dimensions on the 

15 order of 10 jim are close to the mode field diameter of the laser and can require 
accurate laser positioning. In one example, the thickness of the waveguides 14 is 
between 16 |im and 75 jum and the width of the waveguides 14 is between 16 |um 
and 75 jim. The width and thickness of the waveguides 14 can be selected so the 
waveguides 14 have a substantially rectangular cross section. In some instances, 

20 the width and thickness of the waveguides 14 are selected so the waveguides 14 
have a substantially square cross section. 

. A suitable width for the waveguide trenches 22 includes widths greater 
than 10 jim but dimensions as low as .1 (im are possible. In some instances, it is 
desirable to coat the walls of the trenches with silica. Accordingly, the ability to 

25 coat the walls of the trenches with silica may determine the lower limit to the 

trench width. In one example, the waveguide trenches 22 have a width of 15 |im 
to 60 nm. 

Suitable light transmitting media include, but are not limited to, silicon, 
polymers, silica, SIN, GaAs, InP and LiNb03. In some instances, the light 
30 transmitting medium 16 is silicon. Silicon supports more modes than other 
materials due to the higher index of refraction. Further silicon supports higher 
order modes more efficiently than other materials. Additionally, silicon has an 
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index of refraction that is higher than many typical light transmitting medium 16. 
As a result, light signals are better coupled into the light transmitting medium 16 
from a source such as a laser or an optical fiber. The improved coupling and 
improved efficiency further reduce the optical loss associated with the optical 
5 device 10. 

The use of a silicon light transmitting medium 16 also allows the optical 
device 10 to be fabricated from a silicon-on-insulator wafer. A silicon-on- 
insulator wafer generally includes an insulator 28 between a substrate 29 and a 
layer of silicon that serves as the light transmitting medium 16. In many 

10 instances, the insulator 28 is a layer of silica and the substrate 29 is a layer of 
silicon. A silicon-on-insulator wafer provides a platform on which a plurality of 
optical components can often be integrated. As a result, the optical device 10 can 
include optical components in addition to the multiplexer 12 or can include a 
plurality of multiplexers 12. 

15 Figure 3 A provides an example of an optical device 10 having an optical 

component in addition to the multiplexer 12. Figure 3 A is a top view of an optical 
device 10 having a plurality of light sources 30 integrated with a multiplexer 12. 
Figure 3B is a cross section of the optical device 10 taken along the line labeled B 
in Figure 3 A. A laser chip is an example of a light source 30 that is suitable for 

20 producing light signals for use with the multiplexer 12. Suitable lasers for use 
with the optical device 10 include, but are not limited to, distribution feedback 
lasers. 

The optical device 10 includes a common trench 32 where lasers can be 
positioned. The lasers are each positioned in a recess 34 formed in the common 

25 trench 32. The depth of the recess 34 is formed such that the light signal produced 
by a laser is incident on a waveguide 14 facet 36 at the desired height on the facet 
36. In some instances, the laser is flipped upside down to provide the proper 
relationship orientation of the resultant light signal on the waveguide 14 facet 36. 
For many lasers, the distance between the bottom of the laser and the light signal 

30 output is thicker than the distance between the top of the laser and the light signal 
output. As a result, the laser can be flipped upside down to reduce the required 
depth of the recess 34. 
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The lasers can be positioned such that a light signal from a laser is incident 
on the facet 36 of a waveguide 14 at an angle a where a is measured relative to 
the direction of propagation of the light signals along the waveguide 14. The 
angle a can reduce the effects of back reflection in the waveguide 14. In some 
5 instances, the angle a is 0°. When the angle a is greater than 0, suitable values 
for a include, but are not limited to, angles greater than or equal to 4° or 6° and/or 
less than or equal to 8°, 10° or 20°. In some instances, the angle a is in a range of 
6° to 8°. 

The facet 36 can have an angle (3 measured relative to the direction of 

10 propagation as shown in Figure 3C. Figure 3C is a top view of a single 

waveguide on the optical device. The facet 36 can be substantially vertical or can 
be angled relative to vertical. A substantially vertical facet 36 can simplify the 
fabrication process. The effects of back reflection can be reduced when the angle 
P is less than 90°. In some instances, the angle P is 90°. When the angle P is less 

15 than 90°, suitable values for P include, but are not limited to, angles greater than 
or equal to 70°, 80° and 82° and/or less than or equal to 84° or 86°. In some 
instances, the angle p is in a range of 82° to 84°. 

When the facet 36 has an angle P less than 90°, the suitable values for the 
value a can be different from the values provided above. For instance, the lasers 

20 can be positioned so as to produce a light signal that enters the waveguide 14 

traveling in a direction parallel to the direction of propagation as shown by the ray 
labeled C. In general, the position of the laser accounts for the effects of 
refraction upon entering the waveguide 14 when n gap *sin(90 o - P + a) = 
n wg *sin(90°- P) where n gap is the index of refraction of the medium between the 

25 laser and the facet and n wg is the index of refraction of the waveguide. 

Accordingly, when an air gap is formed between the laser and the facet 36 and 
P > 0, the laser can be positioned such that I a I > I 90°- P | to generate a light 
signal that enters the waveguide traveling in a direction parallel to the direction of 
propagation. As n gap increases relative to n wg , | a | becomes less than 1 90°- 

30 P | and when n gap > n wg , | a | < | 90°- P I . Hence, a is greater than 6° in some 
instances. 
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When more than on facet 36 has an angle 0 less than 90°, the facets 36 can 
each be angled in the same direction or different facets 36 can be angled in the 
opposite direction. For instance, one or more of the facets 36 can have an angle 
that is +P while one or more other facets 36 can have an angle that is -p. Further, 
5 adjacent facets 36 can have (3 values with opposite directions so as to create a 
zigzag effect along the facets 36. 

Although the recesses 34 are shown extending into the substrate 29, the 
recesses 34 can be constructed so as to extend to the insulator 28 or part way into 
the insulator 28. Alternately, the recesses 34 can be constructed so as to extend 

10 part way into the light transmitting medium 16. For instance, the recess 34 can be 
constructed such that a layer of the light transmitting medium 16 is located 
between the bottom of a recess 34 and the base 18. 

Although the recesses 34 are shown positioned in a common trench 32, the 
recesses 34 can be formed in different trenches. As a result, the lasers would each 

15 be positioned in a different trench. Placing the lasers in different trenches can 
help to optically isolate the lasers from one another. Further, the trench may be 
eliminated altogether. For instance, the recesses 34 can be formed in the upper 
surface of the light transmitting medium 16. 

The above design principles can be applied to a multiplexer 12 having as 

20 few as two input waveguides 14. However, when a multiplexer 12 is constructed 
such that light signals from a single input waveguide 14 experience multiple 
intersections before reaching an output waveguide 14, the optical loss associated 
with each of the intersections begins to cascade. Accordingly, the above 
construction advantages becomes most pronounced with multiplexers 12 having 

25 three or more input waveguides 14 arranged such that light signals from one or 
more of the input waveguides 14 experience multiple waveguide 14 intersections. 

Although the above disclosure shows waveguide intersections where only 
two waveguides 14 intersect one another. The multiplexer 12 can include 
waveguide 14 intersections where three or more waveguides 14 come together. 

30 Although Figure 1 A through Figure 3C show the tapers positioned at an 

end of a waveguide, the tapers need not be positioned at an end of a waveguide. 
For instance, Figure 4A is a top view of an optical device having a waveguide 
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with a taper positioned midway along the waveguide. The illustrated waveguide 
14 can be an input waveguide or an output waveguide. Accordingly, the taper can 
be a contraction taper or and expansion taper. 

Additional optical components can be positioned between the tapers and 
5 the waveguide intersections. For instance, the optical device discontinuities in 
Figure 4B illustrate that additional optical components can be positioned between 
the waveguide intersections and an expansion taper 26 and/or between the 
waveguide intersections and a contraction taper 23. Suitable optical components 
for positioning between the tapers and the waveguide intersections include, but are 

10 not limited to, optical attenuators. Optical attenuators positioned between the 
contraction tapers 23 and the waveguide intersections can be employed to adjust 
the intensities of the light signals traveling on different input waveguide and/or to 
modulate light signals traveling on different input waveguides. Suitable 
attenuator constructions and methods for forming optical attenuators on the optical 

15 device are taught in U.S. Patent Application serial number 10/371642, filed on 
February 21, 2003, entitled "Attenuator Having Reduced Optical Loss in the Pass 
Mode" and incorporated herein in its entirety. 

Figure 5A through Figure 5D illustrate a method of forming an optical 
device 10 according to Figure 1 A through Figure IB. The method can be 

20 performed on a wafer having a light transmitting medium 1 6 positioned on a base 
18. An example of a suitable wafer includes, but is not limited to, a silicon-on- 
insulator wafer. A mask 46 is formed on the wafer so as to provide the device 
precursor 44 illustrated in Figure 5A and Figure 5B. Figure 5A is a top view of 
the device precursor 44 and Figure 5B is a cross section of the device precursor 44 

25 shown in Figure 5A taken along the line labeled B. The mask 46 is formed so as 
to protect the regions of the device precursor 44 where the waveguides 14 and the 
inactive regions 20 will be formed while leaving exposed the region of the device 
precursor 44 where the waveguide trenches 22 are to be formed. A suitable mask 
46 includes, but is not limited to, a photo resist or an oxide. 

30 An etch is performed on the device precursor 44 so as to provide the 

device precursor 44 of Figure 5C and Figure 5D. Figure 5C is a top view of the 
device precursor 44 and Figure 5D is a cross section of the device precursor 44 
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shown in Figure 5C taken along the line labeled D. The etch is performed for a 
duration sufficient to form the sides 27 of the waveguides 14 down to the base 18. 
Facets are formed as a result of the etch. When the facets are to be angled at less 
than ninety degrees relative to the direction or propagation, the mask 46 can be 
5 formed so as to provide the desired angle on the facet. Because the etch forms 
sides that are substantially vertical, the facet will be substantially vertical while 
being angled at less than ninety degrees relative to the direction of propagation. 

Although not illustrated, the etch can be performed such that the sides are 
not performed to the level of the base so as to form a ridge waveguide. When the 

10 device precursor 44 is formed from a silicon-on-insulator wafer, the etch can be 
selected so the silica insulator 28 serves as an etch stop. The availability of the 
inherent etch stop simplifies the fabrication process. 

The inactive regions 20 remain protected during the etch because the 
uniformity of many etches is limited. The protection of the inactive regions 20 

15 limits the areas that are etched. Because limited areas of the device precursor 44 
are etched, the effects of the etch uniformity limitations are reduced. 

The device precursor 44 is diced so as to provide an optical device 10 
having a multiplexer 12 constructed according to Figure 1 A and Figure IB. 

Figure 6A through Figure 6G illustrate a method of forming an optical 

20 device 10 according to Figure 3 A through Figure 3B. The method can be 

performed on a wafer having a light transmitting medium 16 positioned on a base 
18. An example of a suitable wafer includes, but is not limited to, a silicon-on- 
insulator wafer. A mask 46 is formed on the wafer so as to provide the device 
precursor 44 illustrated in Figure 6 A and Figure 6B. Figure 6 A is a top view of 

25 the device precursor 44 and Figure 6B is a cross section of the device precursor 44 
shown in Figure 6A taken along the line labeled B. The mask 46 is formed so as 
to protect the regions of the device precursor 44 where the waveguides 14 and the 
inactive regions 20 will be formed while leaving exposed the region of the device 
precursor 44 where the common trench 32 and the waveguide trenches 22 are to 

30 be formed. A suitable mask 46 includes, but is not limited to, a photoresist or 
oxide. 
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An etch is performed on the device precursor 44 so as to provide the 
device precursor 44 of Figure 6C. The etch is performed for a duration sufficient 
to form the sides 27 of the waveguides 14 down to the base 18. The common 
trench 32 is also formed down to the base 1 8 during the etch. When the device 
5 precursor 44 is formed from a silicon-on-insulator wafer, the etch can be selected 
so the silica insulator 28 serves as an etch stop. 

The mask 46 is removed and a second mask 50 formed on the device 
precursor 44 of Figure 6C so as to provide the device precursor 44 of Figure 6D 
and Figure 6E. The second mask 50 is formed such that the recesses 34 where the 

10 lasers are to be positioned remain exposed while the remainder of the device 

precursor 44 is protected. A suitable second mask 50 includes, but is not limited 
to, a photoresist or an oxide. 

A second etch is performed so as to provide the device precursor 44 shown 
in Figure 6F and Figure 6G. Figure 6F is a top view of the device precursor 44 

15 and Figure 6G is a cross section of the device precursor 44 shown in Figure 6F 
taken along the line labeled G. The second etch is performed for a duration 
sufficient to form the recesses 34 to the desired depth. 

The second mask 50 is removed and the device precursor 44 diced so as to 
provide the optical device 10 shown in Figure 3 A and Figure 3B. The lasers can 

20 be placed in the recesses 34 before or after the dicing of the device precursor 44. 
Epoxies and adhesives can be employed to immobilize the lasers in the recess 34. 
Other fastening and welding techniques can also be employed to immobilize the 
lasers in the recess 34. For instance, ultrasonic bonding can be employed to 
immobilize the lasers in the recess 34. 

25 Metal traces can be formed on the optical device so as to provide any 

contact pads and conductors for providing electrical communication to the light 
sources. In some instances, a contact pad is formed in the bottom of one or more 
recesses depending of the type of laser being employed. The metal traces can be 
formed before or after dicing. Additionally, any additional wire connections can 

30 be made before or after dicing. 

The method shown in Figure 6A through Figure 6G can be modified so the 
recesses 34 are formed in a different trench. For instance, the mask 46 shown in 
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Figure 6 A can be modified so independent trenches are positioned at the end of 
each waveguide 14. 

As noted above, one or more of the tapers may taper vertically. A suitable 
method for forming a waveguide having a taper in both the vertical and horizontal 
5 direction is taught in U.S. Patent Application serial number 10/345,709, filed on 
January 15, 2003, entitled "Controlled Selectivity Etch for Use With Optical 
Component Fabrication" and incorporated herein in its entirety. 

As is evident from the above discussion, the inactive regions 20 are 
present on the optical device 10 as a result of fabrication methodology. The 

10 inactive regions 20 do not carry light signals during operation of the optical device 
10. As a result, the inactive regions 20 are optional and need not be included on 
the optical device 10. Accordingly, processing can be done to remove the inactive 
regions 20. Alternately, the optical device 10 can be fabricated using a method 
that does not result in formation of the inactive regions 20. 

15 In some instances, the waveguide facets may require an anti-reflective 

coating due to the high index of refraction of silicon. An anti-reflective coating 
may be employed whether the facets are coupled with an optical fiber or a light 
source. Further, an anti-reflective coating may be employed when a light source 
is integrated with the optical device. The anti-reflective coating may be formed 

20 using standard anti-reflective coating formation techniques. 

Although the optical is described as including a multiplexer, the 
multiplexer can be operated in reverse so as to split a light signal into four 
different light signals having reduced intensities. When the multiplexer is 
operated in reverse, the contraction tapers serve to expand the light signal and the 

25 expansion tapers serve to expand the light signals. 

Although the multiplexers illustrated above show each of the input 
waveguides including a contraction taper, in some instances, a portion of the input 
waveguides include a contraction taper. Further, the optical device can include 
more than one multiplexer and/or more than one output waveguide. In these 

30 instances, a portion of the output waveguides can include expansion tapers. 

Other embodiments, combinations and modifications of this invention will 
occur readily to those of ordinary skill in the art in view of these teachings. 
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Therefore, this invention is to be limited only by the following claims, which 
include all such embodiments and modifications when viewed in conjunction with 
the above specification and accompanying drawings. 
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